Cosmic ray (CR) transport near the heliopause (HP) is studied using a hybrid transport model, with the parameters constrained by observations from the Voyager 1 spacecraft. We simulate the CR radial flux along different directions in the heliosphere. There is no well-defined thin layer between the solar wind region and the interstellar region along the tail and polar directions of the heliosphere. By analyzing the radial flux curve along the direction of Voyager2, together with its trajectory information, the crossing time of the HP by Voyager2 is predicted to be in 2017.14. We simulate the CR radial flux for different energy values along the direction of Voyager1. We find that there is only a modest modulation region of about 10 au wide beyond the HP, so that Voyager1 observing the Local Interstellar Spectra is justified in numerical modeling. We analyze the heliospheric exit information of pseudo-particles in our stochastic numerical (time-backward) method, conjecturing that they represent the behavior of CR particles, and we find that pseudo-particles that have been traced from the nose region exit in the tail region. This implies that many CR particles diffuse directly from the heliospheric tail region to the nose region near the HP. In addition, when pseudo-particles were traced from the Local Interstellar Medium (LISM), it is found that their exit location (entrance for real particles) from the simulation domain is along the prescribed Interstellar Magnetic Field direction. This indicates that parallel diffusion dominates CR particle transport in the LISM.
INTRODUCTION
Cosmic rays (CRs) are one of the important probes for detecting the properties of the interplanetary and the interstellar medium since the interaction with the background medium enables them to carry information about the background medium. Recently, CR observations have been one of the main signatures of the historical event of Voyager 1's crossing of the heliopause (HP) and entering the Local Interstellar Medium (LISM) in 2012 August Stone et al. 2013) . The spacecraft simultaneously detected a rapid increase (jump) in the galactic CR flux and a large decrease in the anomalous CR flux (Krimigis et al. 2013; Webber & McDonald 2013) . Since then, the CR intensities at all energy levels have been observed to be nearly constant. 5 These observations near the HP have also motivated several CR numerical simulations. For example, by using a pitch-angle diffusion transport equation, Strauss & Fichtner (2014) and Florinski et al. (2013) studied the CR anisotropy observed by Voyager1 when crossing the HP; Florinski et al. (2015) investigated the dependence of the CR anisotropy on rigidity near the HP and attributed it to gradient drifts; assuming that the first adiabatic invariant is conserved, interpreted the galactic CR disturbance observed in the LISM in 2013 March as caused by the Interstellar Magnetic Field (IMF) disturbance reported by Burlaga et al. (2013) . Luo et al. (2015) reproduced the CR flux jump observed by Voyager1 in 2012 August with their hybrid CR transport model by modifying the ratio of k k , where k  (k^) denotes the parallel (perpendicular) diffusion coefficient.
Presently, some open questions concerning CR behavior near and beyond the HP remain. For example, is the HP truly the modulation boundary or is some modulation happening beyond the HP? Scherer et al. (2011) and Strauss et al. (2013) first demonstrated that CRs could already be modulated in principle beyond the HP, depending on their energy and the ratio of k k , while argued that such modulation should be completely negligible beyond the HP, assuming that the diffusion coefficient in the outer heliosheath is very large. We will address this question in more detail by using model parameters that are constrained by Voyager1 observations. Another crucial question is how the radial flux varies along other directions instead of Voyager 1ʼs, in particular whether Voyager2 would observe a similar jump in the radial flux near the HP. Webber & Intriligator (2015) used low-energy CR data from Voyager1 and 2 to predict that Voyager2 could encounter the HP very soon. In this study, we follow our previous numerical approach to also make a prediction in this context. In addition, we trace the trajectories of individual pseudo-particles in phase space in order to investigate and establish how individual CR particles could be transported near the HP in order to gain insight and a better understanding of the modulation process.
The paper is structured as follows. The numerical method is briefly presented in Section 2, followed by simulation results in Section 3 with discussions on the questions mentioned above. Conclusions are presented in Section 4.
NUMERICAL APPROACH
Given that the observed CR anisotropy beyond the HP is less than 10%, we still believe that Parker's transport equation (Parker 1965) can fulfill our intent to understand the large-scale CR transport behavior near the HP. We therefore continue to base our numerical study on this equation:
) is the distribution function or the phasespace density as a function of spatial position r, momentum p, and time t. The flux µ j p f T 2 . Parker's equation contains the solar wind convection speed V , the average particle drift speed á ñ V D in the non-uniform Heliospheric Magnetic Field (HMF), and the diffusion tensor
. Note that k^(k  ) is the diffusion coefficient perpendicular (parallel) to the ambient magnetic field, I is the unit tensor, and b is the unit vector along the magnetic field direction. The last term
is the momentum change term, which describes the adiabatic cooling process.
Following Zhang (1999) , Equation (1) is described in its Stochastic Differential Equation form: 
For details of this numerical method see also e.g., Kopp et al. (2012) .
Following Luo et al. (2015) , we choose the following forms for the diffusion coefficients k  and k^: 
In these equations, B is the local magnetic field magnitude, B ism is the magnetic field magnitude in the interstellar medium, and B eq is the magnetic field magnitude near the Earth. M k , k^0, and k 0 are treated as constants and β is the ratio of particle speed to the speed of light. The p 0 parameter is a reference momentum (in our case 1 GeV/c).
The purpose of Equation (7) is to avoid the sharp transition for k  and k^as they are increased in the outer heliosheath. As demonstrated by Figure 2 , diffusion coefficients vary in a relatively wider region. Thus, without a singularity problem, we can still calculate the  K s · ( ) term in Equation (2) when the ratio of k k is significantly magnified beyond the HP. Our numerical method involves a hybrid CR transport code as described in detail by Luo et al. (2013) . The global heliospheric features, containing the HMF and solar wind speed, are obtained from executing a MHD plasma/multi-fluid neutral atom model . As such, a snapshot of MHD data corresponding to the epoch when Voyager1 crossed the HP was taken from a series of timevarying output data, which was then incorporated into the transport equation to arrive at solutions applicable to CR modulation as discussed by Luo et al. (2013) . A similar approach was followed by Strauss et al. (2013) . ) and temperature (K) along the Voyager1 direction in the MHD data. The HP is a region with a width of about 10 au.
Within the limitation of our numerical MHD modeling, the HP is smeared out and quite broad in this MHD model. Figure 1 shows the plasma density and temperature variation (from the MHD data) along the assumed Voyager1 direction (polar angle θ=56°, azimuthal angle f=4°). By setting a threshold, the HP along the assumed Voyager1 direction is defined as the region from 138 to 146 au . However, it was found that after the diffusion coefficients beyond the HP are significantly magnified, the simulated CR flux jumps over a much thinner region as illustrated in Figure 2 . Thus, in this study we define the HP as the region where the CR flux jumps upward. Along the assumed Voyager1 direction, this region is from 141 to 144 au.
The simulation outer boundary is a sphere, outside which the CRs are not influenced by solar activity. Theoretically, the whole MHD heliosphere model should be inside this boundary, but the resulting computing is too time consuming. Thus, in our numerical simulation, the radius of this sphere is set at 300 au to achieve the optimal balance between the computation speed and numerical accuracy.
RESULTS AND DISCUSSION
The Voyager1 crossing of the HP in 2012 August provided us for the first time with in situ observational data that can be used to constrain the numerical modeling of CRs, the main theme of this work, in the vicinity of the HP. Luo et al. (2015) could reproduce the basic trends of these observations and found that the ratio k k needs to be magnified by a factor of 10 10 across the HP so that k  reaches the magnitude of -10 cm s 27 2 1 beyond the HP, which nearly reaches the value used in GALPROP, a well-known galactic propagation model (Strong et al. 2007 ). Recent magnetic field observations from Voyager1 (Burlaga et al. 2014 ) and inferred from the reported IBEX ribbon (Gamayunov et al. 2010 ) suggest a very low turbulence level for the very local ISM, consistent with large k  and low k^values beyond the HP. Thus, we are convinced that our parameter setup can realistically reflect the modulation situation near the HP. The default parameter setup is Figure 2 . In the following, we use this setup to study the behavior of CRs near the HP as mentioned above with the specific intention to relate our simulations to Voyager1 CR observations.
CR Radial Flux along a Different Direction
In Figure 3 the simulated radial flux of 200 MeV protons is shown in seven different heliospheric directions. As before, we find a clearly defined large upwards jump in the radial flux at the HP along Voyager1ʼs direction (polar angle θ=56°, azimuthal angle f=4°). Similar jumps, which imply very large radial gradients across the HP, are also found along the simulated Voyager2 direction (polar angle θ=120°, azimuthal angle f=40°), in the nose direction (polar angle θ=90°, azimuthal angle f=0°), and in the direction of the heliospheric flanks (polar angle θ=90°, azimuthal angle f=90°). Since Voyager2 must still cross the HP, perhaps in the near future (Richardson & Decker 2014) it would be worthwhile to pay more attention to the simulated radial flux in Voyager2ʼs direction.
First, some conjecturing: Voyager2 crossed the Termination Shock (TS) in the year 2007.66 at a distance of 83.7 au from the Sun (Stone et al. 2008) . It is moving away from the Sun with a speed of 3.3 au year −1 . For the region beyond the TS, we can approximate the relationship between the actual time of the year (time) and Voyager2ʼs distance (radius) as Assuming that the overestimation along the directions of both Voyager1 and Voyager2 is the same, we can modify Equation ( Based on our simulation results, the CR flux along Voyager2 should make the predicted jump at about 134 au, which is a scaled value of 115 au. Plugging this value into Equation (9), the estimated time for this jump is predicted to occur around the year of 2017.14.
As shown in Figure 3 , the jump in the simulated CR flux along the polar and the downwind direction is much weaker and the region over which the jump occurs in the model is spread out so that the modulation boundary is less clearly defined. Zhang et al. (2015) pointed out that the galactic CR flux value near the HP is attributed to the balance between the flux from the heliosphere and the interstellar medium. Thus, as shown here, the HP is not a well-defined relatively thin layer in the tail or polar direction but could extend over a larger region (tens of au) where the CR flux is controlled by the flow both from the heliosphere and the LISM.
The CR Modulation Boundary
Galactic CRs, when entering the heliosphere, are modulated by conditions caused by solar activity. To properly simulate this process a heliospheric boundary must be specified. Whether or not the HP can be assumed to be this outer spatial boundary is under debate (Scherer et al. 2011; Strauss et al. 2013 Strauss et al. , 2015 Strauss & Potgieter 2014) . Luo et al. (2015) illustrated and confirmed that, in principle, modulation beyond the HP is possible but strongly depends on what is assumed for the diffusion coefficients across the HP (as demonstrated by Figure 4) . In what follows, we take this investigation further, but from a different point of view, by constraining the modulation parameter setup using Voyager1 CR observations inside and outside the HP. The modeling studies done so far were based on simply assuming these parameters within the limited knowledge we have about them.
As demonstrated above, the CR radial flux experiences a significant increase (jump) near the HP depending on where it is crossed, a feature that we now consider to be characteristic of the model. Recently, Webber & Quenby (2015b) even stated that the CR flux jump observed by Voyager1 near the HP may account for~1 3 of the total solar modulation, depending on the energy considered. In Figure 5 this jump is demonstrated again for 200 MeV protons. This intensity jump is only present in CR modulation models that include an outer heliosheath, and cannot be reproduced by the traditional models that prescribe the Local Interstellar Spectra (LIS) exactly at the HP. Beyond this jump, a relatively narrow region (about 10 au) exists beyond the HP where very modest modulation occurs. It can be argued that since disturbances created by solar activity can propagate beyond the HP as is now observed (Gurnett et al. 2015; Intriligator et al. 2015) , this region could also change to some degree. The lower panel of Figure 5 manifests this aspect by showing how the computed CR radial gradient varies over this region with a value of about 0.015% per au before it becomes essentially zero (the blue crosses illustrate the actual simulation results and the black line is the linear fit to these simulation points). This value of 0.015% per au is an order of magnitude less than the typical values for the inner heliosphere (Luo et al. 2013) .
We also simulated the radial flux for the lower energy CR particles (50, 10, and 5 MeV) as displayed in Figure 6 . As in the previous figure layout, the three lower panels manifest the flux variation near the HP. The values of the radial gradients for these lower energy CRs can approach 0.02% per au, but the width for this modest modulation region remains about 10 au.
We emphasize that to reproduce these small radial gradients the diffusion coefficients must have the values 1 . A smaller value would produce far larger radial gradients beyond the HP and is illustrated in Figure 4 . It is shown that as we reduce the magnifying factor of K P in the LISM, the CR radial gradient beyond the HP becomes larger. For example, the radial gradient in the ISM can be as large as 0.13% per au (nearly an order of magnitude larger than previous value 0.015%) if K P only reaches -10 cm s 24 2 1 in the LISM. Similar features were also illustrated by Strauss et al. (2013) .
Although the CR flux observed by Voyager1 beyond the HP is nearly constant, it does not rule out the existence of this modest modulation region: there are indications of small radial gradients in the reported Voyager1 CR observations (J. D. Richardson 2015, private communication) . In addition, there is evidence for the remnant of a shock traveling from the inner heliosphere being observed in the interstellar medium ) and its effect on CR transport Gurnett et al. 2015) . Thus, it is quite reasonable that CRs will still be affected by solar activity at least in a small region just beyond the HP. However, based on our simulation, the width of this region is about 10 au with the modulation level fairly small. This contributes less than 1% of the total modulation from the HP to the Earth.
Exit Momentum and Locations of Pseudo-particles
Based on the stochastic method as utilized here, we are able to trace individual pseudo-particle trajectories. Inspecting them sometimes gives surprising insights. Since the pseudo-particles have the same distribution as real particles entering at the modulation boundary, for a case of little modulation near the HP region, we can approximate the behavior of these pseudoparticles as that of real particles. In what follows, we investigate the characteristic behavior of exiting pseudoparticles, that is, we interpret them as real particles entering the heliosphere in order to reach the position of Voyager1. It enables us to gain understanding of the physical processes involved.
The red dots in Figure 7 demonstrate the exit locations for 200 MeV pseudo-particles that had started at 145 au along the Voyager1 direction. These results are interpreted as demonstrating the heliospheric entering location for galactic protons that arrive at this particular position. The left panels show the case where we do not modify the ratio k k , whereas the panel on the right side illustrates the situation after we have increased the ratio by 10 10 in the outer heliosheath. The displayed axes follow the coordinate system as defined in our MHD simulation: the Z-axis is along the Sun's rotation axis, and the X-axis is along the opposite unperturbed LISM velocity vector, while the Y-axis completes this right-hand XYZ coordinate system. Thus, the nose (tail) region is on the positive (negative) part of the X-axis. This is also labeled in the upper left plot.
In the simulation, in order to obtain the two upper plots, the simulation outer boundary is manually set at 300 au. As illustrated by the left panel of Figure 8 , the HMF spiral lines, inside the inner heliosheath, may extend fully from the nose region to the boundary location of about 300 au in the tail region, enabling pseudo-particles to diffuse along these lines from the tail region to the nose region. The upper left plot of Figure 7 is the case when the k k ratio is not increased in the outer heliosheath. By counting the number of red dots, the ones on the positive side of the X-axis (nose region) account for only 9% of the total.
That means few pesudo-particles penetrate outward directly from the nose region, and most pseudo-particles exit from the tail region. As k k increases (upper right panel), the percentage of the red dots on the positive part decreased to 4%. Because of the more efficient parallel diffusion along the magnetic field lines, a large number of pseudo-particles exit from the tail region. This indicates that most CR particles could enter the heliosphere from the tail region, following the spiral magnetic field lines and being observed by In the two lower plots of Figure 7 , the simulation outer boundary is expanded to 1000 au. As shown in the lower left plot, if k k is not increased, the probability for pseudoparticles exiting from the nose region is roughly the same as that of the tail region (different from the upper left plot). This is probably because the HMF spiral lines cannot extend fully from the nose region to the tail region at 1000 au. Only after this ratio is increased by 10 10 and k  reaches -10 cm s 27 2 1 in the outer heliosheath is the tail region more occupied by the exiting pseudo-particles (the lower right plot).
Besides the spatial location, we also analyzed the exit momentum of these pseudo-particles. Figure 9 shows the normalized distribution of the exit momentum of pseudoparticles that started at a "145 au location" with a momentum of 0.644 GeV/c (200 MeV). Two different cases are illustrated here: (1) increasing the ratio k k in the outer heliosheath (black solid line), and (2) without any modification to this ratio (red dashed line). The figure demonstrates that as this ratio is increased in the outer heliosheath (case 1), nearly all pseudoparticles experience no momentum change. From a modulation point of view, this is interpreted as galactic protons that entered the heliosphere with the same momentum as that observed, being unmodulated. These simulation results support the following scenario: after choosing a realistic parameter setup in the outer heliosheath, more CR protons diffuse along the magnetic field spiral lines from the tail region to the nose region, and the plasma environment encountered causes no momentum change. This is due to the fact that particles do not get inside the supersonic solar wind region, where adiabatic cooling happens. The details, for example, of what specific magnetic field structure supports this kind of transport process and if there is any particular requirement for the diffusion coefficient, will be explored further in a future study. Figure 10 illustrates the exit locations of pseudo-particles that started from the LISM; for the two upper panels the starting point is 155 au; for the two lower panels it is 160 au in the Voyager1 direction. The plots on the left side show the results with no modification for k k , whereas the plots on the right side show the results when we increase this ratio by 10 10 in the outer heliosheath. The plots on the right side illustrate that after k k is magnified, nearly all the pseudo-particles exit at just two points on the simulation boundary. In this context, it is noted that in our MHD model, the IMF is set to be
0.803 1.5 ; 10 ISMˆˆˆ( ) which is pointing to the negative X and Z axes. In Figure 8 , the plot on the right side demonstrates how this IMF is oriented , which gives a mean-free path of 10 4 au (10 5 times larger than the Larmor radius). If these pseudo-particles are considered to be CR particles, they simply keep gyrating along the magnetic field lines. And CR particles with small pitch angles to the magnetic field tend to travel more easily to the observer. This gives some hint as to why the observed CR anisotropy by Voyager1 is bidirectional (Krimigis et al. 2013; Strauss & Fichtner 2014; Strauss et al. 2015) . Based on the above results and argument, we come to a simple picture for how galactic CRs may propagate to Voyager1 near the HP; they arrive at the HP through propagation along the galactic magnetic field lines and reach the spacecraft either from the heliospheric nose region or from the tail region by parallel diffusion.
SUMMARY
In this paper, using a hybrid CR transport model and a parameter setup tuned to reproduce the Voyager1 galactic CR observations near the HP, we simulate the radial flux along different heliospheric directions. It was found that the flux variation along the Voyager2 direction exhibits a clear flux jump near the HP, which could be used as a signature of the spacecraft crossing the HP. These intensity jumps cannot be reproduced by simple modulation models that prescribe the LIS at the HP and assume it to be the modulation boundary. Therefore, although modulation beyond the HP may be judged to be almost negligible, the outer heliosheath must be included in the modulation model to accurately describe CR transport near and across the HP. Such large flux jumps to reach the interstellar values are not found in the polar and downwind directions. Our simulations also indicate that in the polar regions and particularly in the tail region, a well-defined thin HP layer, between the solar wind and the LISM, is less likely than in the nose direction. The CR flux is influenced by flows from both LISM and heliospheric sides over tens of au in this region.
Assuming a constant speed for Voyager2, scaling the MHD location of the HP and TS to Voyager1 and 2 observations, we predict that the HP should be around 115 au along the Voyager2 direction. This corresponds to a crossing of the HP by Voyager2 in 2017 February.
We also investigated whether the HP can be considered the true modulation boundary, performing simulations for 200, 50, 10, and 5 MeV galactic protons in the Voyager1 direction. When using 1 , we found that there is a modest modulation beyond the HP, seemingly only over the first 10 au beyond the HP, contributing less than 1% to the total modulation. The Voyager1 CR observations beyond the HP thus enable us to obtain the LIS. Together with the higher energy end of the CR spectrum as constrained by the PAMELA experiment , the very local interstellar spectrum for protons from 1 MeV to 100 GeV is known (Potgieter 2014; Bisschoff & Potgieter 2015; .
We analyzed the exit spatial positions (momentum) of pseudo-particles, interpreted as the heliospheric entering positions (momentum) for CR particles. We find that many particles arriving at the heliospheric nose region come from the tail region. We proposed that the HMF line topology and configuration may play an important role in setting up such an effect. The HMF lines, which intersect the simulation outer boundary in the tail region, connect to the nose region. Thus, in our simulation, it is found that many pesudo-particles observed in the nose region will follow these HMF spiral lines and exit from the tail region.
Finally, our simulations demonstrate an anisotropic characteristic in the CR flux beyond the HP. After increasing the ratio k k by 10 10 , the exit locations of pseudo-particles, which started from the LISM (at 155 or 160 au), are along the prescribed IMF direction as in the MHD model. With a very large parallel mean free path, the CR particles simply follow the magnetic field lines to propagate in the LISM.
